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We propose a low-scale renormalizable trinification theory that successfully explains the flavor
hierarchies and neutrino puzzle in the Standard Model (SM), as well as provides a dark matter candidate
and also contains the necessary means for efficient leptogenesis. The proposed theory is based on the
trinification SUð3ÞC × SUð3ÞL × SUð3ÞR gauge symmetry, which is supplemented with an additional

flavor symmetry Uð1ÞX × Zð1Þ
2 × Zð2Þ

2 . In the proposed model the top quark and the exotic fermions acquire
tree-level masses, whereas the lighter SM charged fermions gain masses radiatively at one-loop level. In
addition, the light active neutrino masses arise from a combination of radiative and type-I seesaw
mechanisms, with the Dirac neutrino mass matrix generated at one-loop level.

DOI: 10.1103/PhysRevD.102.095003

I. INTRODUCTION

Despite the huge success of Standard Model (SM) as a
theory of fundamental interactions, it has several open
issues, which include the lack of explanation of the SM
flavor structure, in particular, the fermion masses and
mixing, the origin of Dark Matter (DM), as well as the
source of parity violation in electroweak (EW) interactions.
Besides, the SM features drawbacks such as the absence of
sufficient CP violation and a strong departure from thermal
equilibrium, both necessary for explaining the cosmologi-
cal baryon asymmetry of the Universe. In this paper, we
would like to address all these issues on the same footing in
a single new framework, based on the trinification sym-
metry SUð3ÞC × SUð3ÞL × SUð3ÞR (see, e.g., Refs. [1–17])

supplemented with an additional flavor symmetry, Uð1ÞX ×

Zð1Þ
2 × Zð2Þ

2 , with the spontaneously broken Uð1ÞX × Zð1Þ
2

symmetry (we refer to this model as the 3331 framework in

what follows). We have included a preserved Zð2Þ
2 sym-

metry to implement the one-loop level radiative seesaw
mechanisms that generate the light active neutrino masses
as well as the masses for the SM charged fermions below

the top quark mass. The spontaneously broken Zð1Þ
2

symmetry allows us to separate the scalar bitriplet that
gives tree-level masses for the top and exotic up-type
quarks from the one that produces the exotic down-type
quark masses.
Our 3331 model is the most economical theory of

trinification that can naturally explain the masses and
hierarchies for the SM fermions, since unlike the other
existing trinification-based models such as the one pre-
sented in Ref. [15], it does not rely on the inclusion of a
large variety of additional representations such as scalar
antisextets in order to generate the light active neutrino
masses in the SM. In our case, the actual mechanism for the
light neutrino mass generation is provided by a one-loop
level radiative seesaw. Moreover, our model is capable of
simultaneously explaining the hierarchy of charged SM
fermion masses, which is not considered in earlier works.
We also investigate the potential implications of this
scenario for DM and leptogenesis.
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II. THE MODEL

Our model is based on the SUð3ÞC×SUð3ÞL×SUð3ÞR×
Uð1ÞX gauge symmetry which can be motivated by a high-
scale ultraviolet (UV) completion based on the embedding
of trinification as a subgroup of E6 [18–20], whereas an
additional flavor symmetry can be inspired by the coset
of the E8 → ½SUð3Þ�3 reduction [21–25]. Indeed, in the
framework of a superstring inspired Zn orbifolding pro-
cedure of E8 reduction [26], one of the possible E8 breaking
patterns features the following scheme

E8 → SUð3ÞC × SUð3ÞL × SUð3ÞR × ½Uð1Þ�2; ð1Þ

where the rank-reduction ½Uð1Þ�2 → Uð1ÞX can occur via a
Higgs mechanism. All the subsequent breaking steps may
in principle take place at any energy scale between
the E8, or alternatively E6, (MGUT) and the EW (MEW)
breaking scales. Here, we consider a particularly attractive

opportunity of the trinification breaking at a relatively low
scale compared to the E8 breaking one, MGUT ⋙ M3 ∼
100 TeV, i.e., not too far from the reach of future collider
measurements.
In fact, both supersymmetric and nonsupersymmetric

realizations of this model involving the E6 symmetry
would require a very high scale for both the E6 and the
trinification breaking scales, above 1016 GeV, due to
strong constraints on the E6 gauge mediated proton
decay. In order to relax this constraint, we explore a
nonsupersymmetric version of the model, without mani-
fest embedding of its particle content into representations
of E6 or even E8, such that the scale of the trinification
symmetry breaking can indeed be within the reach of
future colliders such as the 100 TeV proton-proton Future
Circular Collider (FCC).
Our model realizes the following particular symmetry

breaking scheme:

G≡ SUð3ÞC × SUð3ÞL × SUð3ÞR × Uð1ÞX × Zð1Þ
2 × Zð2Þ

2 ⟶
vðkÞχ ;vð4Þχ

SUð3ÞC × SUð2ÞL × SUð2ÞR × Uð1ÞB−L × Zð2Þ
2 ⟶

wχ

SUð3ÞC × SUð2ÞL × Uð1ÞY × Zð2Þ
2 ⟶

v

SUð3ÞC × Uð1ÞQ × Zð2Þ
2 ; ð2Þ

where the different symmetry breaking scales fulfill the
following hierarchies:

v ≪ wχ ≪ vðkÞχ ∼ vð4Þχ ∼M3; k ¼ 1; 2: ð3Þ

Here, v ¼ 246 GeV is the EW symmetry breaking scale.

We assume that the trinification breaking scales vðkÞχ and

vð4Þχ are of the order of 100 TeV, which would make our
model potentially testable at the future FCC 100 TeV
collider.
In our model the exotic particles carry the SM electric

charge which is defined in terms of the trinification
symmetry generators as follows:

Q ¼ T3L þ T3R þ βðT8L þ T8RÞ þ X ¼ T3L þ T3R

þ 1

2
ðB − LÞ; ð4Þ

where β and the baryon minus lepton number operator
B − L are defined as

β ¼ −
1ffiffiffi
3

p ; B − L ¼ 2½βðT8L þ T8RÞ þ X�: ð5Þ

We have chosen such particular value of β in order to have
the third component of the leptonic triplet to be electrically

neutral, which allows for a consistent implementation of a
low-scale seesaw mechanism for light active neutrino
masses generation.
The scalar sector of our model is composed only of three

scalar bitriplets and one SUð3ÞL scalar triplet that feature
the following patterns of the vacuum expectation values
(VEVs)

hχ1i ¼

0
BBB@

vffiffi
2

p 0
wχffiffi
2

p

0 0 0

0 0
vð1Þχffiffi
2

p

1
CCCA; hχ2i ¼

0
BBB@

0 0 0

0 0 0

0 0
vð2Þχffiffi
2

p

1
CCCA;

hχ3i ¼

0
B@

0 0 0

0 0 0

0 0 0

1
CA; hχ4i ¼

�
0 0

vð4Þχffiffi
2

p
�
; ð6Þ

where χ3 does not acquire a VEV since it is charged under

the preserved Zð2Þ
2 symmetry. The latter has been incorpo-

rated in order to implement the one-loop level radiative
seesaw mechanisms for producing the light active neutrino
masses, as well as the masses for the SM charged fermions
lighter than the top quark.
A justification of the chosen structure of the scalar sector

is as follows. The scalar bitriplet χ1 is needed to generate
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tree-level masses for the top and exotic up-type quarks,
whereas the scalar bitriplet χ2 is required to produce tree-
level masses for the exotic down-type quarks. We include

the spontaneously broken Zð1Þ
2 symmetry in order to

separate the scalar bitriplets χ1 and χ2 in the mass spectrum.
Furthermore, the inclusion of the scalar bitriplet χ3 is
needed for the implementation of the one-loop level
radiative seesaw mechanism that generates the masses
for the SM charged fermions below the top quark mass
scale. Note that the presence of potentially light pseudo-
GoldstoneCP-odd state in the scalar spectrum of our model
offers a long-lived scalar candidate for warm DM, known in
the literature as the Majoron—an appealing feature of the
considered model further discussed below in Sec. VII. In
addition, the scalar bitriplet χ3 is crucial to generate the
masses for the light active neutrinos. Besides, the scalar
triplet χ4 is necessary to generate the quark mixing angles
in the 13 and 23 planes.
It is worth mentioning that the lightest 125 GeV SM-like

Higgs boson is mainly composed of the CP-even neutral
component of ðχ1Þ11. Moreover, our model can naturally
accommodate its alignment limit since all the other scalar
states are typically very heavy and thus are decoupled from
the SM in the mass spectrum, as detailed below in Sec. V.
This also implies the absence of tree-level flavor changing
neutral currents (FCNCs) for the SM-like Higgs boson
state, while such contributions from the heavier scalars are
strongly suppressed by their large mass scale.
The fermion sector of the model is motivated by the

conventional 331 model and is obtained by the left-right
(LR) symmetrization, which leads to the following multi-
plet structure:

QnðL;RÞ ¼

0
B@

dn
−un
Jn

1
CA

L;R

; Q3L ¼

0
B@

u3
d3
U

1
CA

L;R

;

LαðL;RÞ ¼

0
B@

να

eα
Nα

1
CA

L;R

; n ¼ 1; 2; α ¼ 1; 2; 3: ð7Þ

The model predicts exotic leptons NαL;R and quarks JαL;R,
apart from the right-handed neutrinos ναR. The transformation

properties of the scalar and fermionic fields under the
symmetries of the model are shown in Tables I and II. Note
that with the above fermion multiplet structure the model is
anomaly-free. The anomaly cancelation conditions are
analogous to that in the 331 models [4,27–34] and require
that both for SUð3ÞL and SUð3ÞR the number of fermion
generations match the number of colors and the third quark
generation has different transformation properties under
SUð3ÞL;R than the first two generations.
With the previously specified particle content and sym-

metries, the Lagrangian for Yukawa interactions reads as:

−LðQÞ
Y ¼ yðQÞ

3 Q̄3Lχ1Q3R þ
X2
n¼1

X2
m¼1

yðQÞ
nm Q̄nLχ

�
2QmR

þ
X2
n¼1

yðQÞ
n3 Q̄nLχ

�
3Q3R þ H:c:; ð8Þ

−LðlÞ
Y ¼

X3
α¼1

X3
β¼1

ðxχÞαβL̄αLχ2LβR þ
X3
α¼1

X2
n¼1

ðxΨÞαnL̄αLχ4ΨnR

þ
X2
n¼1

X2
m¼1

ðmΨÞnmΨnRΨc
mR þH:c: ð9Þ

If follows from (8) and (9) that the top and exotic up- and
down-type quarks get tree-level masses which are directly

proportional to v, vð1Þχ , and vð2Þχ , respectively. The mixing
between the top and the exotic U quark is controlled by the
wχ VEV. In addition, after the first step of the trinification
symmetry breaking, the exotic, vectorlike quarks remain
singlets under the LR SUð2ÞL × SUð2ÞR symmetry group.
Furthermore, the SM charged fermions, which are signifi-
cantly lighter than the top quark, get one-loop masses via a
radiative seesaw mechanism mediated by heavy exotic
fermions and heavy scalars running in the internal lines of
the loop, as shown in Fig. 1. Notice, as shown in Fig. 1, that
the one-loop masses for the light SM charged fermions

receive contributions from vð1Þχ and vð2Þχ . However, it is
worth mentioning that the loop-generated masses for the
up, charm, down, and strange quarks and the SM charged

leptons are mainly fixed by vð2Þχ VEV, whereas the bottom

quark mass is mainly determined by vð1Þχ VEV. This is due

TABLE I. Scalar assignments under SUð3ÞC × SUð3ÞL ×
SUð3ÞR × Uð1ÞX × Zð1Þ

2 × Zð2Þ
2 symmetry.

χ1 χ2 χ3 χ4

SUð3ÞC 1 1 1 1
SUð3ÞL 3 3 3 3
SUð3ÞR 3̄ 3̄ 3 1
Uð1ÞX 0 0 1

3
− 1

3

Zð1Þ
2

−1 1 −1 −1

Zð2Þ
2

1 1 −1 1

TABLE II. Fermion assignments under SUð3ÞC × SUð3ÞL×
SUð3ÞR × Uð1ÞX × Zð1Þ

2 × Zð2Þ
2 . Here n ¼ 1, 2 and α ¼ 1, 2, 3.

QnL Q3L QnR Q3R LαL LαR ΨnR

SUð3ÞC 3 3 3 3 1 1 1
SUð3ÞL 3̄ 3 1 1 3 1 1
SUð3ÞR 1 1 3̄ 3 1 3 1
Uð1ÞX 0 1

3
0 1

3
− 1

3
− 1

3
0

Zð1Þ
2

1 1 1 −1 1 1 −1

Zð2Þ
2

1 −1 1 −1 1 1 1
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to the fact that the charged exotic fermions that induce such
one-loop masses are proportional to those VEVs. In

addition, the Cabbibo mixing is mainly fixed by vð2Þχ , since
it is generated by the one-loop contribution mediated by the
exotic down-type quarks. Notice that the Cabbibo mixing
receives contributions from both up- and down-type quark
sectors, whereas the down-type quark sector helps to
generate the remaining mixing angles. The VEVs that
are crucial for generating the quark mixing angles in the

13 and 23 planes are both vð2Þχ and vð4Þχ , as indicated in
Fig. 1. As seen from Fig. 1, where the one loop Feynman

diagrams have trinification VEVs in the external legs, it
follows that the dominant contribution for the masses of
such SM-like charged fermions is not due the electroweak
symmetry breaking (EWSB) mechanism but mostly due to
the trinification breaking. Despite of this issue, the inter-
actions of the 125 GeV SM like Higgs boson h with SM
fermion-antifermion pairs, such as hbb̄, hcc̄ can be
effectively generated at one loop level via the quartic
scalar interaction insertions ðχ1χ†1Þ2 and ðχ1χ†1Þðχ2χ†2Þ
where the EW scale VEV and the 125 GeV SM like
Higgs boson h are in the external legs, in addition to the

FIG. 1. One-loop Feynman diagrams contributing to the entries of the SM charged fermion mass matrices. Here, n, m, k, r, s ¼ 1, 2
and α; β; γ; δ ¼ 1, 2, 3.
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trinification VEVs. Some of the one-loop Feynman dia-
grams contributing to the hff̄ interactions are shown in
Fig. 2. Furthermore, despite of the fact that the dominant
contribution for the masses of the SM-like charged fer-
mions lighter than the top quark is mostly due to the
trinification breaking, the masses of such SM charged
fermions can be successfully reproduced by having appro-
piate values of the masses of non SM scalars and exotic
fermions running in the internal lines of the loops and of the
quartic scalar couplings and Yukawa couplings. For in-
stance, to successfully explain the GeV scale value of the
bottom quark and tau lepton masses, from Fig. 1, we have
that such masses can be estimated as:

mb ∼mτ ∼
y2

16π2
λ
v2χ
MF

; ð10Þ

where MF is the mass scale of the exotic fermions, y the
SM fermion-exotic fermion Yukawa coupling and λ the
quartic scalar coupling. Taking vχ ∼MF ∼Oð100Þ TeV
and y ∼ λ ∼Oð0.1Þ, Eq. (10) takes the form mb ∼mτ ∼
10−5vχ ∼Oð1Þ GeV, thus showing that our model natu-
rally explains the smallness of the bottom and tau masses
with respect to the EWSB scale. Furthermore, despite the
fact that the masses of the light SM charged fermions
(below the top quark mass) are generated at one-loop level,
the hierarchy between such masses can be accommodated
by having some deviation from the scenario of universality
of the Yukawa couplings in both quark and lepton sectors.
This would imply some moderate tuning among the
Yukawa couplings. However, such a situation is consid-
erably better compared to that of the SM, where a
significant Yukawa parameter tuning is required.
In addition, the Cabbibo mixing together with the quark

mixing in the 13 and 23 planes are generated at one-loop

level too. For this to happen, the Zð2Þ
2 symmetry has to be

softly broken in the scalar sector, which is achieved by the
trilinear f234χ2χ3χ4 interaction term in the scalar potential
(see Sec. V).

It is worth mentioning, as follows from Eqs. (8) and (9),
that the Yukawa interactions and mass terms are given in

terms of the following parameters: yðQÞ
3 , yðQÞ

nm , yðQÞ
n3 , ðxχÞαβ,

ðxΨÞαn, ðmΨÞnm (n, m ¼ 1, 2). Assuming all these param-
eters to be real except two of them amounts for a total of 28
parameters, from which 8 correspond to the quark Yukawa
couplings, 16—to the lepton Yukawa couplings, and 4—to
exotic lepton mass parameters. Apart from these, there are 8
additional parameters useful to fit the SM fermion masses
and mixing angles, which correspond to the scalar boson
mass terms, mðχ�

2
Þ23 , mðχ�

2
Þ32 , mðχ�

2
Þ13 , mðχ�

2
Þ31 , mðχ�

3
Þ32 , mðχ1Þ23 ,

mðχ1Þ32 and mðχ4Þ1 for the scalars in the internal lines of the
Feynman diagrams in Fig. 1 and in the first diagram
in Fig. 3.
This gives a total of 36 input parameters. Of course, with

this parametric freedom one can easily accommodate the
experimental values for the 10 and 9 physical observables in
the quark and lepton sectors, respectively. In this respect it is
worth recalling again, that we do not pretend to predict the
values of these observables, but the existing hierarchy
between them. The assumption about real Yukawa cou-
plings, we made, corresponds to a particular benchmark
scenario of CP-conserving Yukawa sector we chose here to
simplify our discussion. Our model does not have a
particular symmetry that forces some or all Yukawa cou-
plings to be real hence enabling CP violation in our model
(while indeed some of the Yukawa couplings can always be
made real by phase redefinition of the fermionic fields). If
the Yukawa couplings were allowed to be complex, the
Yukawa sector would have a total of 60 parameters (not
accounting for phase redefinitions of the fields), significantly
increasing the parametric freedom compared to the consid-
ered CP-conserving benchmark scenario and hence not
affecting our current predictions on SM fermion masses
and mixings obtained here in this more constrained case.
The following comments about radiative stability of the

symmetry breaking scheme (2) and the corresponding VEV
pattern (3) are in order. We note that this pattern is not

FIG. 2. Some one-loop Feynman diagrams contributing to the hff̄ interactions. Here, n, m ¼ 1, 2, h is the 125 GeV SM-like Higgs
boson and f a SM fermion lighter than the top quark.
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protected from large radiative corrections by some sym-
metry. Therefore, to stabilize it we need to apply certain
tuning of the model parameters. The corresponding con-
ditions of vacuum stability are derived from the Coleman-
Weinberg type 1-loop effective potential. This analysis is
beyond the scope of the present paper. However, since in
our model the VEV hierarchy (3) is rather moderate, not
exceeding three orders of magnitude, we expect that the
quadratic divergences—dangerous for a strong hierarchy—
can be tamed here by a moderate tuning of the model
parameters. At the same time, for the scales above vχ in (3),
where this is not possible, we assume that our model is
embedded into a more fundamental setup with additional
symmetries protecting the hierarchy up to the Planck scale.
The well-known examples of such setups are supersym-
metry and warped five-dimensions.

III. THE NEUTRINO SECTOR

From the neutrino Yukawa interactions (9), we obtain the
following mass terms:

−LðνÞ
mass ¼ 1

2
ΔcTMνΔþ H:c:; ð11Þ

where the neutrino basis and neutrino mass matrix (at one-
loop order) are given by, respectively,

Δ ¼

0
BBBBB@

νcαL
ναR

Nc
αL

NαR

ΨnR

1
CCCCCA; ð12Þ

FIG. 3. Feynman diagrams contributing to the entries of the neutrino mass matrix in Eq. (13). Here, n,m, k ¼ 1, 2 and α; β; γ ¼ 1, 2, 3.
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Mν ¼

0
BBBBBBBBBBBB@

νcβL νβR Nc
βL NβR ΨmR

ν̄αLj Mν̄αLν
c
βL

Mν̄αLνβR 0 0 0

νcαRj MT
ν̄αLνβR

MνcαRνβR
MνcαRN

c
βL

0 0

N̄αLj 0 MT
νcαRN

c
βL

MN̄αLNc
βL

vð2Þχffiffi
2

p ðxχÞαβ
vð4Þχffiffi
2

p ðxΨÞαm

Nc
αRj 0 0

vð2Þχffiffi
2

p ðxχÞβα 0 0

Ψc
nRj 0 0

vð4Þχffiffi
2

p ðxΨÞnβ 0 ðmΨÞnm

1
CCCCCCCCCCCCA
; ð13Þ

with some of the sub-matrices generated at one-loop level from the Feynman diagrams in Fig. 3. The submatrices appearing
in Eq. (13) are given by:

Mν̄αLν
c
βL
¼
X2
n¼1

ðxΨÞαnðxΨÞβnmΨn

16π2
fðmΨn

; m2
Reðχ4Þ1 ; m

2
Imðχ4Þ1Þ; α; β ¼ 1; 2; 3; ð14Þ

Mν̄αLνβR ¼
X3
γ¼1

ðxχÞαγðxχÞβγmNγ

16π2
fðmNγ

; m2
Reðχ2Þ13 ; m

2
Imðχ2Þ13Þ; mNγ

¼ ðxχÞγ
vχffiffiffi
2

p ; ð15Þ

MνcαRN
c
βL
¼ κðχÞ1122v

ð1Þ
χ vð2Þχ wχ

2
ffiffiffi
2

p
m2

ðχ2Þ31
ðxχÞαβ; ð16Þ

MνcαRνβR
¼
 
κðχÞ1122v

ð1Þ
χ vð2Þχ wχ

2
ffiffiffi
2

p
m2

ðχ2Þ31

!
2

ðxχÞαγM−1
N̄γLNc

δL
ðxχÞδβ; ð17Þ

MN̄αLNc
βL
¼ ðvð4Þχ Þ2

2
ðxΨÞαnðm−1

Ψ ÞnmðxΨÞmβ; ð18Þ

fðmF;mR;mIÞ ¼
�

m2
R

m2
R −m2

F
ln

�
m2

R

m2
F

�
−

m2
I

m2
I −m2

F
ln

�
m2

I

m2
F

��
: ð19Þ

where α ¼ 1, 2, 3 and n ¼ 1, 2. In addition, the entries denoted by X and y are generated at tree- and one-loop levels,
respectively.
The light active neutrino masses arise from a combination of radiative and type-I seesaw mechanisms (with the Dirac

neutrino mass matrix generated at one-loop order). This mechanism in a more general setup has been recently proposed in
Ref. [35]. Thus, the mass matrix for the light neutrinos takes the form

M̃ν ¼ Mν̄TLν
c
L
− AM−1

S AT; ð20Þ

where the matricesMν̄TLν
c
L
and A are generated at one-loop level whereasMS receives tree-level and one-loop contributions.

The matrices A and MS are found as follows

A ¼

0
BBB@

MT
ν̄αLνβR

0

0

0

1
CCCA

T

; MS ¼

0
BBBBBBBBB@

MνcαRνβR
MνcαRN

c
βL

0 0

MT
νcαRN

c
βL

MN̄αLNc
βL

vð2Þχffiffi
2

p ðxχÞαβ
vð4Þχffiffi
2

p ðxΨÞαm

0
vð2Þχffiffi
2

p ðxχÞβα 0 0

0
vð4Þχffiffi
2

p ðxΨÞnβ 0 ðmΨÞnm

1
CCCCCCCCCA
: ð21Þ
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Considering v ≪ wχ ≪ m2
ðχ2Þ31 ∼ vð1Þχ ∼ vð2Þχ ≪ mΨ, from

the previous relations it follows that the entries of the
light active neutrino mass matrix can be approximated as

ðM̃νÞαβ ≃Mν̄αLν
c
βL
¼
X2
n¼1

ðxΨÞαnðxΨÞβnmΨn

16π2

× fðmΨn
; m2

Reðχ4Þ1 ; m
2
Imðχ4Þ1Þ: ð22Þ

In order to get an approximate expression for the physical
sterile neutrino mass matrices, we assume wχ ∼Oð1Þ TeV,
mΨ ∼Oð103Þ TeV and consider vð1Þχ ∼ vð2Þχ ∼ vð4Þχ ∼
Oð102Þ TeV. Taking the Yukawa couplings of order unity,
we thus recover the following estimates:

MνcαRN
c
βL
∼Oð1Þ TeV; MN̄αLNc

βL
∼Oð10Þ TeV:

In the limit when the remaining sterile neutrinos are very

heavy, i.e., when their mass matrices approach�xχv
ð2Þ
χ =

ffiffiffi
2

p
and mΨ, the lightest physical sterile neutrino mass matrix
can be approximated as MνcαRνβR

.

Assuming wχ ∼ vð2Þχ ∼Oð10Þ TeV, vð1Þχ ∼ vð4Þχ ∼
Oð103Þ TeV, mΨ ∼Oð104Þ TeV, and xΨ ∼ 10xχ ∼ 1, one
can roughly estimate

MνcRNR
∼Oð1Þ TeV; MνcRνR

∼Oð10Þ TeV;

MNc
RNR

∼Oð100Þ TeV; xχv
ð2Þ
χffiffiffi
2

p ∼Oð1Þ TeV:

In this case, the lightest sterile neutrino is identified with
the right handed neutral lepton NaR and their mixing mass

matrix is proportional to xχv
ð2Þ
χffiffi
2

p .

IV. IMPLICATIONS FOR QUARKS AND
CHARGED LEPTONS

Expanding the Lagrangian in Eq. (8) and considering, for
simplicity, that

yðQÞ
nm ≡ y for m ¼ n ð23Þ

and

yðQÞ
nm ≡ h for m ≠ n; ð24Þ

one obtains five massless quarks, corresponding to all
down-type quarks as well as the first and second generation
up-type ones. The top quark mass is readily generated at
tree level,

m2
t ¼

1

2
y23v

2
v2χ

v2χ þ ω2
χ
: ð25Þ

The model also predicts three heavy vectorlike quarks with
the following masses

m2
V1

≃
1

2
y23ðv2χ þ ω2

χÞ; m2
V2

¼ 1

2
v2χðhþ yÞ2;

m2
V3

¼ 1

2
v2χðh − yÞ2: ð26Þ

Since the top Yukawa coupling y3 is large, V1 will always
be of order 100 TeVand can only be probed at a future FCC
facility. However, if the couplings h and y are somewhat
smaller, say of order 0.01, then both V2 and V3 can be at a
TeV scale and hence at the reach of the LHC. In a third
scenario, if both h and y are of order one and not far off
each other, then only V3 can become light enough to be
probed at the LHC. Furthermore, as follows from Eq. (8),
the exotic quarks can decay into a SM quark and either a
neutral or a charged scalar and can be pair-produced at the
LHC via Drell-Yan and gluon fusion processes, mediated
by charged gauge bosons and gluons, respectively. A
detailed study of the collider phenomenology of the model
is beyond the scope of this paper and is left for future
dedicated explorations.
For the charged lepton sector we follow a similar

approach, namely, we expand the first term in Eq. (9)
and then set

ðxχÞαβ ¼ x for α ¼ β; ð27Þ

ðxχÞαβ ¼ k for α ≠ β: ð28Þ

The model also contains three heavy vectorlike leptons
with the following mass spectrum:

m2
E1

¼ 1

2
v2χð2kþ xÞ2; m2

E2
¼ m2

E3
¼ 1

2
v2χðk − xÞ2:

ð29Þ

Similarly to the quark sector, if both k and x are of order
0.01 or slightly smaller, then the model predicts three
generations of vectorlike leptons at the TeV scale or even
below. On the other hand, if such Yukawa couplings are of
order one, then only E2 and E3 can become sufficiently
light to be at the reach of the LHC measurements.
Note, the above assumptions on the parameters of the

Yukawa sector are made to keep the discussion as simple as
possible and correspond to a particular benchmark scenario
chosen for simplicity. We stress that our model predicts that
the SM charged leptons, neutrinos and quarks (except for
the top quark) are massless at tree level. This is a generic
feature of the considered model, independent of the
assumptions made about the parameters of the SM fermion
mass matrices.
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V. THE SCALAR SECTOR

We start our analysis of the scalar sector by considering the first breaking step in the chain (2). The scalar potential of the
low-scale trinification theory, which is invariant under the transformations specified in Table I, reads

VðχaÞ ¼
1

2

X2
a¼1

μ2ðχÞaðχaÞrl ðχ†aÞlr þ
1

2
μ2ðχÞ3ðχ3Þrlðχ†3Þlr þ

1

2
μ2ðχÞ4ðχ4Þlðχ†4Þl

þ 1

4

X2
b≥a

κðχÞab ðχaÞrl ðχ†aÞlrðχbÞr
0
l0 ðχ†bÞl

0
r0 þ

1

4
κðχÞ33 ðχ3Þrlðχ†3Þlrðχ3Þr0l0 ðχ†3Þl

0r0

þ 1

4

X2
a¼1

κðχÞa3 ðχaÞrl ðχ3Þr0l0 ðχ†3Þl
0r0 ðχ†aÞlr þ

1

4

X2
a¼1

κðχÞa4 ðχaÞrl ðχ†aÞlrðχ4Þl0 ðχ†4Þl
0

þ 1

4
κðχÞ34 ðχ3Þrlðχ†3Þlrðχ4Þl0 ðχ†4Þl

0 þ 1

4
κðχÞ44 ðχ4Þlðχ†4Þlðχ4Þl0 ðχ†4Þl

0

þ 1

4

X2
b≥a

κ0ðχÞab ðχ†aÞl0r ðχaÞrl ðχ†bÞlr0 ðχbÞr
0
l0 þ

1

4
κ0ðχÞ33 ðχ3Þrlðχ†3Þlrðχ3Þr0l0 ðχ†3Þl

0r0

þ κ00ðχÞ12 ðχ1Þrl ðχ†1Þlr0 ðχ2Þr
0
l0 ðχ†2Þl

0
r þ κ000ðχÞ12 ðχ1Þrl ðχ†1Þl

0
r0 ðχ2Þr

0
l0 ðχ†2Þlr

þ 1

4

X2
a¼1

½κ0ðχÞa3 ðχaÞrl ðχ†aÞl
0
r ðχ3Þr0l0 ðχ†3Þlr

0

þ κ00ðχÞa3 ðχaÞrl ðχ†aÞlr0 ðχ3Þrl0 ðχ†3Þl
0r0 þ κ000ðχÞa3 ðχaÞrl ðχ†aÞl

0
r0 ðχ3Þrl0 ðχ†3Þlr

0 �

þ 1

4

X2
a¼1

κ0ðχÞa4 ðχaÞrl ðχ†aÞl
0
r ðχ4Þl0 ðχ†4Þl þ

1

4
κ0ðχÞ34 ðχ3Þrlðχ†3Þl

0rðχ4Þl0 ðχ†4Þl

þ fϵll0l00ϵrr0r00 ½f2ðχ2Þrl ðχ2Þr
0
l0 ðχ2Þr

00
l00 þ f12ðχ1Þrl ðχ1Þr

0
l0 ðχ2Þr

00
l00 � þ H:c:g; ð30Þ

where l and r denote SUð3ÞL and SUð3ÞR indices, respec-
tively, while a is a scalar flavor index. Fundamental and
anti-fundamental SUð3ÞL × SUð3ÞR indices are written in
superscript and subscript, respectively. Note that the
potential VðχaÞ, in the limit f2 → 0, is invariant under
an accidental global Uð1Þacc phase rotation, which can be
defined as

χ1;2 → e−iq1;2θχ01;2; ð31Þ

and where the global charges of the χ1 and χ2 fields can be
defined as q1 ¼ 1

2
and q2 ¼ −1, respectively. Therefore, in

the limit f2 → 0, the vacuum of the theory, after the
breaking SUð3ÞL×SUð3ÞR×Uð1ÞX×Uð1Þacc→SUð2ÞL×
SUð2ÞR×Uð1ÞB−L, features 11 Goldstone bosons, where
one of them becomes physical since it corresponds to the
breaking of the global Uð1Þacc generator. In particular, such
a Goldstone boson, which we will denote as A in what
follows, is a CP-odd scalar resulting from a combination of
the imaginary parts of the ðχ1;2Þ33 components. Further-
more, while f2 ≠ 0 violates Uð1Þacc, contractions with the
Levi-Civita symbols in both f2 and f12 terms imply that the
ðχ1;2Þ33 components are still protected from acquiring mass.

On the another hand, as we already mentioned in Sec. II,
a complete description of quark mixing and, in particular,
small Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ments in 13 and 23 planes requires a small cubic interaction

of the form f234χ2χ3χ4 softly breakingZ
ð2Þ
2 . This symmetry

breaking effect is transmitted by radiative corrections to the

Yukawa sector. The Zð2Þ
2 , being softly broken by this

trilinear term, still protects the smallness of the parameter
f234 and its effect in all the sectors of the model from large
radiative corrections.
Interestingly, by introducing a small explicit violation of

both Zð1Þ
2 and Zð2Þ

2 with the following soft-breaking terms

V=Z2

soft ¼ μ2ðχÞ12ðχ1Þrl ðχ†2Þlrþf234ϵll
0l00 ðχ2Þrl ðχ3Þrl0 ðχ4Þl00 þH:c:;

ð32Þ

we are not only allowing for the generation of small entries
in the CKM matrix, but also softly breaking Uð1Þacc by
means of μ2ðχÞ12 term. The latter promotes the CP-odd scalar
to a pseudo-Goldstone boson with mass

m2
A ¼ −2μ2ðχÞ12: ð33Þ

HOW LOW-SCALE TRINIFICATION SHEDS LIGHT IN THE … PHYS. REV. D 102, 095003 (2020)

095003-9



typically referred to as Majoron. This can be understood
from a comparison with the conventional Majoron models
with type-I seesaw mechanism [36–44]. There, a complex
SM-singlet scalar couples directly to active Majorana
neutrinos. However, in our model, in place of a complex
singlet we have a bitriplet, χ2, where the Majoron A,
belonging to the ðχ2Þ33 component, only couples to the
sterile neutrinos in the third entry of both LL;R. In turn, this
means that tree-level couplings to the EW gauge bosons are
always suppressed by a tiny mixing with active neutrinos
suppressing the loop-induced Majoron decays into pho-
tons, A → γγ. This implies that a trinification Majoron can
become a light DM candidate if its mass is below a MeV

scale. This will further be discussed in Sec. VII. Note that
due to unbroken CP-symmetry in the scalar sector, this
particle only forms quadratic and quartic interactions in the
scalar potential of the low-energy effective theory. It is also
worth mentioning that (32) prevents the formation of
domain walls in the early Universe which would in

principle appear from the spontaneous breaking of Zð1Þ
2 .

For a cleaner analysis of the mass spectrum, we will
make a few simplifying assumptions on the theory param-
eters. First, inspired by the gauge quantum numbers, we
will consider that the couplings involving χ1 and χ2 are
identical, i.e.,

μ2ðχÞ1 ¼ μ2ðχÞ2 ≫ μ2ðχÞ12; κðχÞ11 ¼ κðχÞ22 ≡ κðχÞ1 ; κ0ðχÞ11 ¼ κ0ðχÞ22 ≡ κ0ðχÞ1 ; κðχÞ13 ¼ κðχÞ23 ;

κðχÞ12 ¼ κ0ðχÞ12 ¼ κ00ðχÞ12 ¼ κ000ðχÞ12 ; κ0ðχÞ13 ¼ κ00ðχÞ13 ¼ κ000ðχÞ13 ¼ κ0ðχÞ23 ¼ κ00ðχÞ23 ¼ κ000ðχÞ23 ≡ κðχÞ13 ;

κðχÞ14 ¼ κðχÞ24 ¼ κ0ðχÞ14 ¼ κ0ðχÞ24 ; f1 ¼ f12 ≡ f: ð34Þ

Note that such conditions, together with the transformation properties in Table I, imply that

vð1Þχ ¼ vð2Þχ ≡ vχ : ð35Þ

Solving the tadpole equations with respect to the vχ and vð4Þχ VEVs we get

μ2ðχÞ1 ¼ −
1

2
½v2χðκðχÞ1 þ κ0ðχÞ1 þ 2κðχÞ12 Þ þ vð4Þχ

2
κðχÞ14 þ 4μ2ðχÞ12�; μ2ðχÞ4 ¼ −

1

2
ð2v2χκðχÞ14 þ vð4Þχ

2
κðχÞ4 Þ: ð36Þ

Before proceeding, and in order to understand how the
gauge structure and scalar mixing splits the trinification
scalar representations, let us first note that we can decom-
pose the χa in a total of three SUð2ÞR × SUð2ÞL bidoublets,
three SUð2ÞR doublets, denoted as R-doublets in what
follows, four SUð2ÞL doublets, which we will call
L-doublets, as well as eight singlets corresponding to the
ðχ1;2;3Þ33 and ðχ4Þ3 components. Provided that the Gold-
stone bosons correspond to one L-doublet, one R-doublet
as well as two real singlets, the physical fields can be
decomposed in three bidoublet blocks, two R-doublet and
three L-doublet blocks, and six singlets. Now, one should
note that in the vacuum of the theory, the f234 cubic
coupling splits two of the bidoublets into four L-doublets,
while the single bidoublet left in the scalar spectrum results
from the fact that there are no VEVs in χ3. For the same
reason, out of the six singlets, four are real and two form a
complex one charged under Uð1ÞB−L. In summary, we can

list the physical scalars after the breaking of the trinification
symmetry as

(i) 1 bidoublet Σ,
(ii) 7 L-doublets L1;…;7,
(iii) 2 R-doublets R1;2,
(iv) 1 complex singlet σ,
(v) 3 real CP-even singlets φ1;2;3,
(vi) 1 Majoron A.

A. A minimal light scalar sector

To visualize the model’s behavior at low-energy scales it
is instructive to look at a numerical example. Here, we will
use our freedom to set numerical values that: (1) enable us
to sufficiently split the mass spectrum in order to obtain a
minimal viable low-energy effective theory, and (2) ensure
that such a scenario is simple enough to clearly highlight
the most important features of the model under consid-
eration. First, we set the following scales

vχ ¼ 160 TeV; vð4Þχ ¼ 150 TeV; μðχÞ3 ¼ 150 TeV;

μ2ðχÞ12 ¼ −ð2.3442 TeVÞ2; f ¼ 0.1 TeV; f234 ¼ 0.01 TeV: ð37Þ
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For the quartic couplings, in addition to the simplifying
assumptions in Eq. (34), we have also considered that
quartic interactions involving one single scalar flavor
provide the leading contributions and are of order Oð1Þ,
while the remaining ones are below Oð0.1Þ. Such a

behavior can typically be explained with flavor symmetries
engineered to forbid tree-level couplings between different
representations of a UV complete theory. For our bench-
mark example, we choose for the quartics the following
sizes:

κðχÞ1 ¼ 1.1; κðχÞ4 ¼ 0.95; κ0ðχÞ1 ¼ −2.0 × 10−3; κðχÞ12 ¼ −6.5 × 10−3;

κðχÞ13 ¼ 8.0 × 10−2; κðχÞ14 ¼ −4.0 × 10−2; κðχÞ34 ¼ 4.9 × 10−2: ð38Þ

If we now choose a criterion to denote light states whenever their mass is below the 10 TeV threshold, the input values in
Eqs. (37) and (38) result in a light L-doublet, a light R-doublet, and a Majoron with masses

mL1
≈mR1

≈ 9.7 TeV and mA ≈ 3.3 TeV; ð39Þ

respectively. We also obtain five next-to-light L-doublets, i.e., with masses between 10 and 20 TeV, whose values read

mL2
≈ 14.2 TeV; mL3

≈ 14.4 TeV; mL4
≈ 14.6 TeV; mL5

≈ 16.2 TeV; and mL6
≈ 19.2 TeV: ð40Þ

Finally, in a third category, we group those states that we denote as heavy whose masses read

mL7
≈ 111 TeV; mR2

≈ 112 TeV; mΣ ≈ 109 TeV; mσ ≈ 117 TeV;

mφ1
≈ 103 TeV; mφ2

≈ 118 TeV; mφ3
≈ 119 TeV: ð41Þ

Inspired by the numerical example above, we consider a
minimal scenario for the SUð2ÞL × SUð2ÞR × Uð1ÞB−L
theory, typically referred to as the LR symmetric theory,
where the scalar content can be reduced to L1, R1, and A.
Note that other parameter choices may provide a low-

energy limit with a richer SUð2ÞL L-doublet content. In
what follows, we recast our L- and R-doublets as L and R
respectively. The most generic renormalizable scalar poten-
tial can be written as

VLR ¼ μ2LL
†Lþ μ2RR

†Rþ μ2AA
2 þ λLjL†Lj2

þ λRjR†Rj2 þ λAA4 þ λLRðL†LÞðR†RÞ
þ λALA2ðL†LÞ þ λARA2ðR†RÞ: ð42Þ

It follows from Eq. (6) that both the LR and the EW
symmetries can be broken by the vacuum assignment

hLi ¼
� vffiffi

2
p

0

�
; hRi ¼

� ωχffiffi
2

p

0

�
; ð43Þ

where the solutions of the tadpole equations are given by

μ2L ¼ −
1

4
ð2v2λL þ ω2

χλLRÞ; μ2R ¼ −
1

2
ð2ω2

χλR þ v2λLRÞ:
ð44Þ

The two neutral CP-even scalar masses read

m2
H;h ¼ v2λL þ ω2λR

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v4λ2L þ v2ω2

χðλ2LR − 2λLλRÞ þ ω4
χλ

2
R

q
; ð45Þ

where h is the SM-like Higgs boson state, while the CP-
odd scalar mass receives extra contributions through the
portal couplings λAL and λAR, acquiring the form

m2
A ¼ 2ðv2λAL þ ω2

χλAR þ μ2AÞ: ð46Þ
Once again, let us provide a numerical estimate, taking a

purely classical field theory approach in the sense that the
values of the LR theory quartic couplings are directly
extracted from the trinification scalar potential at tree level.
Note that both tree-level and one-loop matching, as well as
the renormalization group evolution (RGE) effects, are
beyond the scope of this study and will be considered in a
future work.
We first consider that the ωχ VEV is developed at the

same scale as μR. Thus we fix it to

ωχ ¼ 9 TeV while v ¼ 246 GeV: ð47Þ
The quartic couplings of the LR theory, at our level of

accuracy, depend solely on the κðχÞ1 , κ0ðχÞ1 , and κðχÞ12 , as well as
on the scalar mixing angles of the trinification theory.
Using Eq. (38) we get
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λL ≈ 0.164; λR ≈ 0.135;

λLR ≈ 0.137; λAL ≈ λAR ≈ 0.068: ð48Þ

Taking μ2A ¼ μ2ðχÞ12 in this example, the scalar masses

become

mh ≈ 125 GeV; mH ≈ 4.7 TeV; mA ≈ 184 GeV;

ð49Þ
suggesting that our model is compatible with the Higgs
sector of the SM, and offers a new heavy CP-even scalar as
well as a Majoron state.

Note that different choices for the size of the Zð1Þ
2 and

Uð1Þacc soft breaking parameter μ2ðχÞ12 yield distinct

Majoron masses. We show in Fig. 4 the allowed values
of mA as a function of the size of the soft-breaking
parameter μA, while keeping all other parameters fixed
as in the example above.
Note that the numerical example that we have outlined

above is simply indicative of the key properties of the
model, and a full phenomenological analysis is left for a
future work. Let us also mention that, in addition to the SM-
like gauge bosons, the model also contains new W0 and Z0
gauge bosons. Their masses can be either at the ωχ scale, if
the corresponding gauge couplings are of order unity, or at
the TeV scale if such gauge couplings are of order 0.1.
Therefore, the gauge sector of our model also offers
interesting prospects for the LHC Run-III, which is
scheduled to start in 2021.
While a detailed analysis of the FCNC constraints goes

beyond the scope of the current work, we can make a
generic statement about nonexistence of the tree-level
FCNCs in our model based upon the Glashow-Weinberg-
Paschos theorem [45,46]. This theorem states that there will
be no tree-level FCNC processes coming from the scalar
sector if all right-handed fermions of a given electric charge
couple to only one of the L-doublets. As was demonstrated
above the minimal low-energy LR SUð2ÞL × SUð2ÞR ×
Uð1ÞB−L symmetric scenario in the considered trinification

model features the scalar sector composed of one SUð2ÞL
doublet, one SUð2ÞR doublet and one pseudo-Goldstone
state. As follows from Eqs. (8) and (9), the condition of the
Glashow-Weinberg-Paschos theorem is automatically sat-
isfied in this case. Possible FCNC contributions would
emerge at loop level only rendering the model safe with
respect to the corresponding phenomenological constraints.

VI. GAUGE COUPLING UNIFICATION

In this section, we study the RGE to determine if the
couplings of the SUð3ÞC, SUð3ÞL, SUð3ÞR, and Uð1ÞX
gauge groups unify at some high scaleMU. In our analysis,
we take into account the intermediate scale (denoted asM2)
in Eq. (2), so that in the energy ranges μ ≤ M2, M2 ≤ μ ≤
M3, M3 ≤ μ ≤ MU the theory is described by the gauge
groups SUð3ÞC×SUð2ÞL×Uð1ÞY, SUð3ÞC × SUð2ÞL ×
SUð2ÞR × Uð1ÞB−L and SUð3ÞC × SUð3ÞL × SUð3ÞR ×
Uð1ÞX, respectively. Here,M2 and M3 are the scales where
the gauge groups SUð3ÞC × SUð2ÞL × SUð2ÞR × Uð1ÞB−L
and SUð3ÞC × SUð3ÞL × SUð3ÞR × Uð1ÞX are spontane-
ously broken, respectively. Besides that, in the energy
range M2 ≤ μ ≤ M3, for the RGE analysis we consider
that the relevant scalar content is the one corresponding to
the next-to-minimal light scalar sector discussed in the
previous section.
The starting point of our RGE analysis is the one-loop

RG equation for a given structure constant αi ¼ g2i =ð2πÞ
(with gi being the respective gauge coupling) which is
given by:

dαiðμÞ
dt

¼ −
beffi ðμÞ
2π

; t ¼ ln

�
μ

μ0

�
: ð50Þ

It provides the running of the inverse structure constants at
one-loop level as follows:

α−1i ðμÞ ¼ α−1i ðμ0Þ −
beffi ðμÞ
2π

ln

�
μ

μ0

�
; ð51Þ

The effective one-loop β-function coefficients, taking into
account the thresholds from particles with masses mf, are
given by

beffi ðμÞ ¼
X
f

θðμ −mfÞbfi : ð52Þ

The contribution of each particle bfi is calculated according
to

bi ¼ −
11

3
TiðRGÞ þ

2

3
TiðRFÞ þ

1

3
TiðRSÞ; ð53Þ

where TðRIÞ are the Dynkin indices of the representations
RI to which the gauge bosons I ¼ G, fermions F, and
scalars S, respectively, belong. They are defined as

FIG. 4. The Majoron mass as a function of the size of the
accidental Uð1Þacc soft-breaking term.
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TðRÞδmn ¼ TrðTmðRÞTnðRÞÞ, with TmðRÞ being the gen-
erators in the representation R. For the lowest-dimension
representations of SUðNÞ, they are TF ¼ 1=2, TA ¼ N, for
fundamental and adjoint representations, respectively.
Considering that the electric charge in our 3331 model is

defined according to (4) and (5), where the SUð3ÞL;R
generators have the normalization TrðTðL;RÞ

i TðL;RÞ
j Þ¼ 1

2
δij,

we can define normalized operators ðB − LÞN , XN , and YN
satisfying the relations:

ðB − LÞ ¼ nB−LðB − LÞN; X ¼ nXXN; Y ¼ nYYN:

ð54Þ

The normalization factors nB−L, nX, and nY fulfill the
relations:

n2B−L ¼ 4

3
þ 4n2X; n2Y ¼ 1þ 1

4
n2B−L ¼ 4

3
þ n2X: ð55Þ

Here we have taken into account that in the low-energy LR
symmetric theory the hypercharge operator is defined as
follows:

Y ¼ T2R þ 1

2
ðB − LÞ; ð56Þ

The normalized couplings are related by the following
matching conditions:�

1

3
þ n2X

�
ðαNB−LðM3ÞÞ−1

¼ 1

3
ðα−13LðM3Þ þ α−13RðM3ÞÞ þ n2XðαNX ðM3ÞÞ−1; ð57Þ

�
4

3
þ n2X

�
ðαNY ðM2ÞÞ−1

¼ α−12RðM2Þ þ
�
1

3
þ n2X

�
ðαNB−LðM2ÞÞ−1: ð58Þ

From the embedding of SUð2ÞL;R into SUð3ÞL;R we have
the following additional matching condition:

α3ðL;RÞðM3Þ ¼ α2ðL;RÞðM3Þ: ð59Þ

Furthermore, we have the following relations:

αNX ¼ n2XαX; αNB−L ¼ 4

�
1

3
þ n2X

�
αB−L: ð60Þ

αNY ¼ n2YαY ¼
�
1þ 1

4
n2B−L

�
αY ¼

�
4

3
þ n2X

�
αY: ð61Þ

In addition, we require the following condition:

α−12RðM2Þ ¼ κα−12LðM2Þ; ð62Þ

where κ is an Oð1Þ parameter.
Using the relations and considerations described above,

we find that the inverse structure constants of the SUð3ÞC,
SUð3ÞL, SUð3ÞR and Uð1ÞX gauge groups evaluated at the
energy scale μ ≥ M3 are given by:

α−13CðμÞ ¼ α−13CðMZÞ −
bðSMÞ
SUð3ÞC
2π

ln

�
M2

MZ

�
−
bð3221ÞSUð3ÞC
2π

ln

�
M3

M2

�
−
bð3331ÞSUð3ÞC
2π

ln

�
μ

M3

�
; ð63Þ

α−13LðμÞ ¼ α−12LðMZÞ −
bðSMÞ
SUð2ÞL
2π

ln

�
M2

MZ

�
−
bð3221ÞSUð2ÞL
2π

ln

�
M3

M2

�
−
bSUð3ÞL
2π

ln

�
μ

M3

�
; ð64Þ

α−13RðμÞ ¼ α−12LðMZÞ −
bðSMÞ
SUð2ÞL
2π

ln

�
M2

MZ

�
−
bSUð2ÞR
2π

ln

�
M3

M2

�
−
bSUð3ÞR
2π

ln

�
μ

M3

�
; ð65Þ

α−1X ðμÞ ¼ α−1Y ðMZÞ −
bUð1ÞY
2π

ln

�
M2

MZ

�
− κα−12LðMZÞ þ

κbðSMÞ
SUð2ÞL
2π

ln

�
M2

MZ

�

−
1

4
×
bUð1ÞB−L
2π

ln

�
M3

M2

�
−
1

3

�
ðκ þ 1Þα−12LðM2Þ −

bð3221ÞSUð2ÞL þ bSUð2ÞR
2π

ln

�
M3

M2

��

−
bUð1ÞX
2π

ln

�
μ

M3

�
; ð66Þ

HOW LOW-SCALE TRINIFICATION SHEDS LIGHT IN THE … PHYS. REV. D 102, 095003 (2020)

095003-13



where

bð3331ÞSUð3ÞC ¼ −5; bSUð3ÞL ¼ −
16

3
; bSUð3ÞR ¼ −

11

2
; bUð1ÞX ¼ 28

9
;

bð3221ÞSUð3ÞC ¼ −7; bSUð2ÞL ¼ −
7

3
; bSUð2ÞR ¼ −

19

6
; bUð1ÞB−L ¼

16

9
;

bðSMÞ
SUð3ÞC ¼ −7; bðSMÞ

SUð2ÞL ¼ −
19

6
; bUð1ÞY ¼ 41

10
: ð67Þ

Requiring that the couplings of the SUð3ÞC, SUð3ÞL,
SUð3ÞR, and Uð1ÞX gauge groups unify at some high scale
MU, implies the following condition:

α−13CðMUÞ ¼ α−13RðMUÞ ¼ α−13LðMUÞ ¼ ðαNX ðMUÞÞ−1: ð68Þ

Let us then numerically examine the gauge coupling’s
evolution in our model and verify whether the above
unification condition is achievable. First, we consider a
scenario where beyond the scale M3 ∼Oð100 TeVÞ there
are no additional fields on top of those studied in this paper
and given in Tables I and II. The low-scale boundary
conditions are set as

α−13CðMZÞ ¼ 8.47;

α−12LðMZÞ ¼ α−1 sin θ2WðMZÞ;
α−1Y ðMZÞ ¼ α−1 cos θ2WðMZÞ; ð69Þ

with αðMZÞ ¼ 1=128 being the fine structure constant
evaluated at the Z-boson mass scale and sin θ2WðMZÞ ¼
0.232 the weak mixing angle at the same scale [47]. We
have performed a scan randomly sampling the Uð1ÞX gauge
coupling at the GUT scale as well as theM2 and M3 scales
as indicated in the first three columns of Table III, con-
sistently with our discussion. Using Eqs. (62) and (63) to
(66) we obtain the high scale values of the inverse structure
constants α−13CðMUÞ, α−13LðMUÞ and α−13RðMUÞ, as well as the
value of MU with the restriction given in the last column
of Tab. III. Note that the only allowed solution of
equation (62) is κ ¼ 1. The scale at which the values of
the gauge couplings become closest (or unify) definesMU.
Considering for simplicity that the charge normalization
factors are n2X ¼ n2B−L ¼ n2Y ¼ 1, we have verified that
while α−13LðMUÞ and α−13RðMUÞ can be unified with a
precision of 2.5% at MU ∼ 1019 GeV, α−13CðMUÞ is, at best,

37% away from universality and the condition (68) cannot
be satisfactorily met. This scenario is shown on the top
panel of Fig. 5 where the orange dot represents the mean
value of the four gauge couplings. Note that one could
argue that deviations from universality can emerge from
quantum gravitational effects [48] or from heavy Kaluza-
Klein modes when embedding the theory in higher
dimensions [49,50]. However, in the current analysis
we will favor minimal solutions that can address this
issue. Therefore, we will study whether an anomaly-free
extension of the current framework with n-generations of
neutral vectorlike fermion SUð3ÞL × SUð3ÞR bitriplets
above M3 can change the picture. We have then extended
our scan in Table III allowing the possibility of 1 to 6
generations of such heavy bitriplets. The RGE coeffi-
cients of the SUð3ÞL and SUð3ÞR gauge couplings are
modified according to

bSUð3ÞL;R ¼ −
16

3
þ 2n: ð70Þ

Interestingly enough we have found only two viable
scenarios. The first is for n ¼ 3 where, up to small
fluctuations, the unification scale is MU ≈ 1013 GeV and
where the unification condition (68) is reproduced within
2.5% for α−1U ðMUÞ ≈ 31. This class of solutions is
represented in the bottom-left panel of Fig. 5 with the
orange dot denoting the ðMU; α−1U Þ pair. The second type
of solutions, which we represent in the bottom-right
panel of Fig. 5, feature only two generations of fermion
bitriplets, n ¼ 2, and the unification of gauge couplings
takes place at 1017 ≲MU ≲ 1018 GeV with α−1U ðMUÞ ≈
40 and with the charge normalization factors n2X ¼ 5=8,
n2B−L ¼ 23=6, and n2Y ¼ 47=24.
With these results we have shown that a successful

merging of the gauge couplings at the GUT scale needs
an extension of the particle content considered in this
work with either two or three generations of vectorlike
fermion bitriplets. The impact of such extra states for
lepton masses, in particular for the neutrino sector, is
beyond the scope of the current article and is left for a
future work.

TABLE III. Scanning ranges for the numerical evaluation of the
RG equations. In the last column MPl ¼ 1.2 × 1019 GeV denotes
the Planck scale.

α−1X ðMUÞ M2½TeV� M3½TeV� MU

1–80 10–30 100–200 M3 −MPl
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VII. DARK MATTER

The Zð2Þ
2 symmetry is exact and remains unbroken by

any of the VEVs in (6). Therefore, the lightest neutral

particle which carries an odd-Zð2Þ
2 number can be a can-

didate for DM. The particles carrying the Zð2Þ
2 -odd charge

are the components of the scalar bitriplets χ3 and the third
quark generation, while only the neutral components of χ3
noted as χ123 ; χ213 ; χ233 ; χ323 can potentially contain a DM
candidate.
However, each component of the χ3 bitriplet couples to a

pair of quarks via Yukawa interactions, given in Eq. (8).
Namely, the χ123 ; χ213 couple to a pair of light SM quarks
whereas the other neutral components of χ3 bitriplet couple
to a pair of quarks including a light SM quark and an exotic
heavy (vectorlike) quark. In fact, both χ123 ; χ213 decay into a
pair of light quarks and thus cannot serve as DM candidates.
In order to ensure stability of the remaining neutral

components of χ3 bitriplet, one should assume that their
masses are below the mass of the exotic quarks in order to
prohibit their fast tree-level decays. Then, the lightest state

among χ233 ; χ323 can in principle be considered as a cold DM
candidate. Indeed, its properties would then be similar to
those of the scalar DM candidate discussed previously in
Refs. [51–58].
However, in order to get small quark-mixing angles in

the 13 and 23 planes at one-loop level one should break

softly the Zð2Þ
2 symmetry in the scalar sector by introducing

the trilinear f234χ2χ3χ4 interaction term. The latter inter-
action makes it difficult to prevent the heavy scalar
components of χ3 bitriplet from decaying and hence to
stabilize the heavy DM candidate without a significant fine-
tuning of the model parameters.
As mentioned in Sec. V, our model also predicts a CP-

odd pseudo-Goldstone Majoron whose mass can vary
greatly as shown in Fig. 4. Interestingly, such a state can
play a role of light DM candidate under certain conditions
in full analogy to the existing Majoron DM scenarios
[36,37,59–65].
Indeed, starting from Yukawa interactions Lagrangian,

the couplings of the Majoron to the right-handed neutrinos
read

FIG. 5. Running of the gauge couplings for three benchmark scenarios. On the top panel we show the result obtained for the model
discussed in this manuscript while on the bottom panels we consider the inclusion of two (right) and three (left) vectorlike SUð3ÞL ×
SUð3ÞR fermion bitriplets. The orange dots represent the average value of α−13LðMUÞ, α−13RðMUÞ, α−13CðMUÞ and α−1X ðMUÞ and are merely
indicative of the optimal unification point. While on the top and bottom-left panels the charge normalization factors read
n2X ¼ n2B−L ¼ n2Y ¼ 1, on the bottom-right panel they are given by n2X ¼ 5=8, n2B−L ¼ 23=6 and n2Y ¼ 47=24 as indicated in the legend.
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−LðlÞ
Y ⊃

X3
α¼1

X3
β¼1

ðxχÞαβL̄αLχ2LβR þ H:c: ⊃ iν̄Lxχ

�Mν̄TνcL

MS

�
2

νRAþ H:c:: ð71Þ

In the seesaw regime, the Majoron can decay into the light neutrinos with partial widths proportional to m4
j ,

ΓðA → ννÞ ≃ mA

8πf4
X3
j¼1

m4
j ≃

1

3 × 1022s

�
mA

1 MeV

��
109 GeV

f

�
4
�P

3
i¼1 m

4
i

10−6 eV4

�
; f ≡ Tr

�
MSffiffiffiffiffixχp
�
: ð72Þ

It is straightforward to notice that a light Majoron can easily
be long-lived enough to be a DM candidate for typical
seesaw scales, assuming that A → νν is the main Majoron
decay channel.
Just as in the singlet Majoron model [66,67], the

Majoron couples also to the charged fermions, gAf̄f through
the EW one-loop diagrams, due to the mixing between
the new neutral fermions, Na, and the active neutrinos νa.
The coupling to quarks is induced by a one-loop A − Z0

mixing with neutrinos being inside the loop, and the
coupling to the charged leptons is obtained by an analogue
Z0 exchange diagram and additional W exchange graphs,
see Refs. [40,66]. Due to a small coupling of the Majoron to
neutrinos, which is suppressed by ðMν̄TνcL

=MSÞ2, these
diagrams give a rather small contribution to the coupling
strength gAll [66]. However, the Majoron couples to the
exotic quarks and neutral fermions Na that interact with
new heavy gauge bosons, Z0

L;R; ZR; X
0;0�
L;R ; Y

�
L;R. The addi-

tional diagrams of the Majoron coupling to the fermions are
predicted such as the A − Z0

LR; A − ZR mixing graphs with
Na in the loop and the graphs that are mediated by the
exotic quarks and the Y� gauge boson are suppressed by a
factor m4

W=M
4
YL;R

. If the new physics scale is of the order of
100 TeV, then the contribution to the effective coupling of
the Majoron to the charged leptons is not small enough to
ensure that the Majoron’s lifetime is larger than the age of
the Universe. Therefore, to prevent the Majoron decays into
charged fermions, we need to impose an upper limit on the
Majoron mass mA < 2me ∼ 1 MeV yielding a tantalizing
possibility for warm DM in our model.
The Majoron would only be considered as a successful

DM candidate if its relic density is consistent with
cosmological observations [68]. In this sense, the coupling
of the Majoron to the SM Higgs plays an important role in
order to determine the DM relic density [40,69,70]. In the
considered model, the Majoron has a quartic coupling with
the SM Higgs boson,

VLR ⊃ λLRA2L†L ⊃ λLRvA2hþ λLR
2

A2h2: ð73Þ

Thus, the light Majoron can be produced by the SM Higgs
decay, h → AA. The corresponding decay rate is given
by [71]

Γðh → AAÞ ¼ 1

16π
λ2LR

v2

mh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4

m2
A

m2
h

s
: ð74Þ

There are two production mechanisms for DM known as
the freeze-out and freeze-in mechanisms. The Majoron
cannot be produced by the freeze-out mechanism due to
strong constraints from the direct detection measurements
and the LHC bounds on the invisible decay of the SM
Higgs [40,70,72], while the freeze-in mechanism can
efficiently produce the correct DM density. For such a
scenario, the Majoron relic density is determined by

ΩAh2 ≃ 2
1.09 × 1027

gs�
ffiffiffiffiffi
gρ�

p mAΓðh → AAÞ
m2

h

; ð75Þ

where gs� and gρ� are the numbers of degrees of freedom
contributing to the entropy and energy densities when the
Majoron decouples. To obtain the corrected relic density
given by Ref. [68], we can derive the constraint from
Eq. (75) as follows

λLR ≃ 2 × 10−10

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 MeV
mA

s
> 2π × 10−9: ð76Þ

Note that with a quartic interaction of the Majoron with a
SM-like Higgs doublet the possibility for collider searches
of DM in the invisible Higgs decay channel is opened. In
this case, the DM signature can emerge as missing energy
in the production processes at the LHC. Another possibility
is via indirect DM detection channels through the relic
Majoron scattering off nucleons via t-channel exchange of
the SM Higgs boson. For more detail, see Refs. [69,71].
On the other hand, the Majoron couples to two gauge

bosons via two-loop diagrams. A detailed analysis of these
two-loop contributions has not been performed in this
work. However, based upon the results given in Ref. [40]
and the new contributions to the effective one-loop cou-
plings specific to the considered model, we estimate the
coupling of the Majoron to photons to be very small. This
implies that the estimated decay rate A → γγ is more
suppressed than the corresponding decay into a neutrino
pair, A → νν. We conclude that effective Majoron-photon
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coupling is consistent with astrophysical limits [73] in the
considered case of light Majoron, mA < 1 MeV.

VIII. LEPTOGENESIS

In our model, both left-handed and right-handed neu-
trinos carry one unit of B − L charge and acquire Majorana
masses via a radiative correction after the spontaneous
Uð1ÞB−L breaking. It constitutes a source for lepton
asymmetries, which must be produced entirely during or
after the B − L symmetry breaking stage. Therefore, the
lepton asymmetry can realize due to CP-violating decays
of the sterile neutrinos. The relevant Yukawa interactions
are given by

−LY ⊃
X
α

X
β

ðxχÞαβL̄αLχ2LβR ⊃ ðxχÞαβēαLνβRðχ2Þ−21

þ ðxχÞαβv̄αLNβRðχ2Þ13 þ H:c:; ð77Þ
The neutral scalar state, ðχ2Þ13, carries one unit of lepton
number, while the neutral leptons, NaR;L, do not have a
lepton number and the left- and right-handed neutrinos,
νβL;R, acquire Majorana mass. Thus, the interactions given
in Eq. (77) are indeed lepton number violating.
The lepton asymmetry can then be created in two

possible ways. One way is via decays of the right-handed
Majorana neutrinos as:

νaR → ebLðχþ2 Þ12; ð78Þ
and another way is via the decay of sterile neutrino NaR:

NaR → νbLðχ2Þ13: ð79Þ
The right-handed neutrinos couple to the heavy right-
handed charged gauge boson W�

R giving rise to stringent
constraints on the WR mass from the out of equilibrium
dynamics of the right-handed neutrino and washing out of
the lepton asymmetry [74–76]. Particularly, the scattering
process e�RW

�
R → νaRðH��Þ → e∓RW

∓
R will be in equilib-

rium until some temperature close to the EW phase
transition and continue to washout the asymmetry if W�

R
with mass in the TeV range [76]. Thus, the successful high-
scale leptogeneis, which is associated with the decay of
right-handed neutrinos, requires the mass ofW�

R to be large
[74,76]. In other words, if the new physics scale of the
model is in the range of a few hundred TeV or somewhat
larger, the lepton flavor violating decays of right-handed
neutrinos do not contribute to the amount of baryon
asymmetry in the universe.
Noting that the remaining sterile neutrino, NaR, couples

to new gauge bosons as follows

Lc:c ⊃ −i
gRffiffiffi
2

p ðNc
aRY

þ
μR∂μeaR þ Nc

aRX
0
μR∂μνaRÞ þ H:c:

ð80Þ

Depending on the mass hierarchy between NaR and Y�
μ , the

first term in Eq. (80) provides the scattering processes
e�Re

�
R → NaR → Y�

RY
�
R or e�RY

�
R → NaR → e∓R Y

∓
R . If

mNR
> mY� , the first scattering is allowed and it goes

out-of-equilibrium if mNR
> 1016 GeV. In the case

mNR
< mY� , leptogenesis occurs either at T > mYR

or at
T ¼ mYR

, and the condition for second scattering process
going out-of-equilibrium reads:

mY� ≥ 3 × 106
�

mNR

102 GeV

�2
3

GeV: ð81Þ

The second term in Eq. (80) is responsible for X0
R þ X0�

R →
νR þ νR scattering, but it is less important since the right-
handed neutrino is a heavy particle. Noting that the new
gauge bosons X0

R; Y
�
R carry one unit of lepton number, the

interactions given in Eq. (80) are lepton number conserv-
ing. The above gauge boson scattering processes are not
efficient in washing out the lepton asymmetry. Therefore,
if we assume that mNR

< mY� , leptogenesis occurs at
temperature satisfying either T ¼ mYR

or T > mYR
, when

mNaR
≃Oð1Þ TeV, such that one obtains a lower bound

mYR
> 104 TeV. It means that in order to achieve success-

ful leptogenesis, the SUð3ÞR breaking scale must be greater
than 104 TeV.
Let us consider now an amount of the baryon asymmetry

produced from decays of sterile neutrino NaR with an
assumption mNR

< mY� . We assume a normal mass hier-
archy for the heavy right-handed sterile neutrinos, thus
implying that the final lepton asymmetry is given only by
the CP-violating decay of the lightest one, ðN1RÞ. The CP-
asymmetry ϵ1 comes from a superposition of tree-level
contribution, self-energy correction, and the one-loop
radiative corrections via diagrams involving the heavier
Majorana neutrinos N2R; N3R. Thus, it can be written as
follows

ϵ1 ¼
1

16πðx†χxχÞ11
X
j≠1

ℑ½ðx†χxχÞ21j�gðξj1Þ; ð82Þ

where ξj1 ¼ m2
NjR

=m2
N1R

, and

gðξÞ ¼
ffiffiffi
ξ

p �
2

1 − ξ
þ 1 − ð1þ ξÞ ln 1þ ξ

ξ

�
: ð83Þ

We would like to note that

X
j≠k

ℑ½ðx†χxχÞ21j�
ffiffiffiffiffiffi
ξ0j1

q
¼ κ

mν1R

X
α;β

ℑ½ðx�χÞα1ðx�χÞβ1Mν̄αLνβR �

ð84Þ

with an assumption that
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κ ¼ 16π2
mν2R

mN2
fðmN2

; m2
Reðχ2Þ13 ; m

2
Imðχ2Þ13Þ

¼ 16π2
mν3R

mN3
fðmN3

; m2
Reðχ2Þ13 ; m

2
Imðχ2Þ13Þ

; ξ0j1 ¼
m2

νjR

m2
ν1R

:

ð85Þ

Let us now consider the Dirac term of the neutrino mass
matrix

Mν̄LνR ¼ xχMD
Nx

T
χ ; MD

N ¼ DiagðhDN1
; hDN2

; hDN3
Þ v

ð2Þ
χffiffiffi
2

p ;

hDNγ
¼ 1

16π2
ðxχÞγfðmNγ

; m2
Reðχ2Þ13 ; m

2
Imðχ2Þ13Þ: ð86Þ

We also assume that all complex scalars acquire complex

VEVs, namely, vð2Þχ ¼ vχeiθ. Thus, we find the diagonal-
izing matrices UL ¼ OLUL

phase; UR ¼ ORUR
phase satisfying

U†
LMν̄LνRUR ≡Dm ¯νLνR

≡ DiagðmD
ν1 ; m

D
ν2 ; m

D
ν3Þ: ð87Þ

If we choose UL
phase ¼ UR

phase ¼ e−
iθ
2 and other couplings

to be real, the matrix Dm ¯νLνR
can be taken real and is

written as

Dm ¯νLνR
¼ O†

L

�
xχDiagðhDN1

; hDN2
; hDN3

Þ vχffiffiffi
2

p xTχ

�
OR: ð88Þ

On the other hand, we assume that OLO
†
R ¼ Diagð1; 1; 1Þ,

which implies that the CP-asymmetry ϵ1 can be
rewritten as

ϵ1 ≃
κ

16πMR1

P
i½ðxTχOLÞ1imD

νiðO†
RxχÞi1�P

iðxTχOLÞ1iðO†
RxχÞi1

X
j≠1

gðξj1Þffiffiffiffiffiffi
ξj1

p ℑeiθ:

ð89Þ
Therefore, the upper bound on the CP-asymmetry is
given by

ϵmax
1 ≃

κ

16πmν1R

X
i

mD
νi

X
j≠1

gðξj1Þffiffiffiffiffiffi
ξ0j1

q : ð90Þ

The lepton asymmetry is related to the observed baryon
asymmetry of the universe, given in terms of the baryon
number nb to entropy s ratio as follows

nb
s
¼ −1.38 × 10−3ϵη: ð91Þ

Here, the efficiency factor η measures the number density
of the right-handed neutrinos with respect to the equilib-
rium value, the out-of-equilibrium condition at the decay,
as well as the thermal corrections to the asymmetry. This
factor depends on the effective mass,

m̃ ¼
Dmν̄LνR

DT
mν̄LνR

mνR

ð92Þ

FIG. 6. The value of function fðmN1
; m2

Reðχ2Þ13 ; m
2
Imðχ2Þ13Þ versus the lightest right-handed neutrino mass, mν1R , for different values of

the ratio
mN1

mν1R
, which yields the sufficient baryon number asymmetry nb=s ¼ 0.87 × 10−10. The left-handed plot is obtained by taking

m̃ ¼ 10−3; η ¼ 102, while m̃ ¼ 10−4; η ¼ 10 are adopted in the right-handed plot. We fix ξ0j1 ¼ ξj1 ¼ 10 for both cases.
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For m̃i ≃ ð10−4 − 10−3Þ eV, η can be as large as
Oð101–102Þ [77].
We contour plot the correct baryon number asymmetry,

nb
s ¼ ð0.87� 0.04Þ × 10−10, in Fig. 6 in the plane of the
lightest right-handed neutrino mass, mν1R , and the values of
fðmNi

; m2
Reðχ2Þ31 ; m

2
Imðχ2Þ31Þ. The allowed value of function

fðmNi
; m2

Reðχ2Þ31 ; m
2
Imðχ2Þ31Þ strongly depends on the effi-

ciency factor η, m̃i, as well as on the ratio mN1
=mνR1 .

Both plots given in Fig. 6 show that the allowed value of the
function fðmNi

; m2
Reðχ2Þ31 ; m

2
Imðχ2Þ31Þ decreases sharply as the

efficiency factor η decreases and a ratio mN1
=mνi increases.

In the region 1 TeV < mν1R < 100 TeV, the allowed value
of function fðmNi

; m2
Reðχ2Þ31 ; m

2
Imðχ2Þ31Þ varies from a few

units up to a few dozen units if η ¼ 10; m̃ ¼ 10−4. This
result changes hundreds of times if m̃ ¼ 10−3; η ¼ 102.
Noting that

mN1

mν1R
< 1

10
, we conclude that the sterile neutrino

with mass in the range ∼Oð1Þ TeV −Oð10Þ TeV can
explain the baryon asymmetry via its decay.

IX. CONCLUSIONS

We have built a renormalizable trinification gauge theory

with an additional flavor symmetry Uð1ÞX × Zð1Þ
2 × Zð2Þ

2 at
a 100 TeVenergy scale, i.e., at a much lower scale than the
conventional grand unified field theories imply. The low-
energy spectra of this theory are shown to be consistent
with the SM charged fermion mass hierarchy and the tiny
values for the light active neutrino masses. Besides, the
model predicts a light Majoron dark matter candidate in the
mass range below a MeV scale and provides essential
means for efficient leptogenesis.
As the main appealing feature of the considered model,

the top quark, as well as the exotic heavy fermions, obtain
tree-level masses, whereas the SM charged fermions lighter
than the top quark get one-loop level masses. The light
active neutrino masses are generated from a combination of
radiative and type-I seesaw mechanisms, with the Dirac
neutrino mass matrix generated at one-loop level. The
model yields one naturally light SM-like Higgs boson
strongly decoupled from the other heavy scalars as well as

the absence of tree-level FCNC processes mediated by the
light Higgs state rendering the model safe against existing
flavor physics bounds.
The suggested flavored trinification model can be poten-

tially probed at the Future Circular proton-proton Collider
through a discovery ofOð10Þ TeV scale vectorlike fermions,
scalars and gauge bosons of trinification, while some of the
next-to-lightest states in a TeV range can also be probed by
future high-luminosity/high-energy LHC upgrades.

ACKNOWLEDGMENTS

A. E. C.H, S. K. and I. S. are supported by CONICYT-
Chile FONDECYT No. 1170803, CONICYT-Chile
FONDECYT No. 1190845, CONICYT-Chile
FONDECYT No. 1180232, CONICYT-Chile
FONDECYT No. 3150472, and Agencia Nacional de
Investigación y Desarrollo (ANID) PIA/APOYO
No. AFB180002. R. P. is partially supported by the
Swedish Research Council, contracts No. 621-2013-
4287 and No. 2016-05996, by CONICYT grant
No. MEC80170112, as well as by the European Research
Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (grant agreement
No. 668679). This work was supported in part by the
Ministry of Education, Youth and Sports of the Czech
Republic, project No. LTT17018. A. P. M. is supported by
the Center for Research and Development in Mathematics
and Applications (CIDMA) through the Portuguese
Foundation for Science and Technology (FCT-Fundação
para a Cinência e a Tecnologia), references No. UIDB/
04106/2020 and No. UIDP/04106/2020, and by national
funds (OE), through FCT, I. P., in the scope of the framework
contract foreseen in the numbers 4, 5 and 6 of the article 23,
of the Decree-Law 57/2016, of August 29, changed by Law
57/2017, of July 19. A. P. M. is also supported by the
projects No. POCI-01-0145-FEDER-022217, No. PTDC/
FIS-PAR/31000/2017, No. CERN/FIS-PAR/0027/2019, and
No. CERN/FIS-PAR/0002/2019. D. T. H acknowledges the
financial support of the ICP.2019.02. This research is funded
by Vietnam National Foundation for Science and Tech-
nology Development (NAFOSTED) under Grant
No. 103.01-2019.312.

[1] K. S. Babu, X.-G. He, and S. Pakvasa, Neutrino masses and
proton decay modes in SU(3) X SU(3) X SU(3) trinification,
Phys. Rev. D 33, 763 (1986).

[2] K.-S. Choi and J. E. Kim, Three family Z(3) orbifold
trinification, MSSM and doublet triplet splitting problem,
Phys. Lett. B 567, 87 (2003).

[3] S. Willenbrock, Triplicated trinification, Phys. Lett. B 561,
130 (2003).

[4] P. H. Frampton and R. N. Mohapatra, Possible gauge
theoretic origin for quark-lepton complementarity, J. High
Energy Phys. 01 (2005) 025.

[5] J. E. Kim, Trinification with sin � � 2 thetaðWÞ ¼ 3=8
and seesaw neutrino mass, Phys. Lett. B 591, 119
(2004).

[6] C. D. Carone and J. M. Conroy, Higgsless GUT breaking
and trinification, Phys. Rev. D 70, 075013 (2004).

HOW LOW-SCALE TRINIFICATION SHEDS LIGHT IN THE … PHYS. REV. D 102, 095003 (2020)

095003-19

https://doi.org/10.1103/PhysRevD.33.763
https://doi.org/10.1016/j.physletb.2003.06.036
https://doi.org/10.1016/S0370-2693(03)00419-2
https://doi.org/10.1016/S0370-2693(03)00419-2
https://doi.org/10.1088/1126-6708/2005/01/025
https://doi.org/10.1088/1126-6708/2005/01/025
https://doi.org/10.1016/j.physletb.2004.04.017
https://doi.org/10.1016/j.physletb.2004.04.017
https://doi.org/10.1103/PhysRevD.70.075013


[7] J. Sayre, S. Wiesenfeldt, and S. Willenbrock, Minimal
trinification, Phys. Rev. D 73, 035013 (2006).

[8] G. K. Leontaris, A Uð3ÞC × Uð3ÞL × Uð3ÞR gauge sym-
metry from intersecting D-branes, Int. J. Mod. Phys. A 23,
2055 (2008).

[9] C. Cauet, H. Pas, S. Wiesenfeldt, H. Pas, and S. Wiesenfeldt,
Trinification, the hierarchy problem and inverse Seesaw
neutrino masses, Phys. Rev. D 83, 093008 (2011).

[10] B. Stech, The mass of the Higgs boson in the trinification
subgroup of E6, Phys. Rev. D 86, 055003 (2012).

[11] B. Stech, Trinification phenomenology and the structure of
Higgs bosons, J. High Energy Phys. 08 (2014) 139.

[12] J. Hetzel and B. Stech, Low-energy phenomenology of
trinification: An effective left-right-symmetric model, Phys.
Rev. D 91, 055026 (2015).

[13] J. Hetzel, Phenomenology of a left-right-symmetric model
inspired by the trinification model, Ph.D. thesis, Inst. Appl.
Math., Heidelberg, 2015.

[14] G. M. Pelaggi, A. Strumia, and S. Vignali, Totally asymp-
totically free trinification, J. High Energy Phys. 08 (2015)
130.

[15] P. V. Dong, D. T. Huong, F. S. Queiroz, J. W. F. Valle, and
C. A. Vaquera-Araujo, The dark side of flipped trinification,
J. High Energy Phys. 04 (2018) 143.

[16] Z.-W. Wang, A. Al Balushi, R. Mann, and H.-M. Jiang, Safe
trinification, Phys. Rev. D 99, 115017 (2019).

[17] D. N. Dinh, D. T. Huong, N. T. Duy, N. T. Nhuan, L. D.
Thien, and P. Van Dong, Flavor changing in the flipped
trinification, Phys. Rev. D 99, 055005 (2019).

[18] F. Gursey, P. Ramond, and P. Sikivie, A Universal
gauge theory model based on E6, Phys. Lett. 60B, 177
(1976).

[19] Q. Shafi, E(6) as a unifying gauge symmetry, Phys. Lett.
79B, 301 (1978).

[20] B. Stech and Z. Tavartkiladze, Fermion masses and coupling
unification in E(6): Life in the desert, Phys. Rev. D 70,
035002 (2004).

[21] J. E. Camargo-Molina, A. P. Morais, R. Pasechnik,
and J. Wessén, On a radiative origin of the Standard
Model from trinification, J. High Energy Phys. 09 (2016)
129.

[22] J. E. Camargo-Molina, A. P.Morais, A.Ordell, R. Pasechnik,
M. O. P. Sampaio, and J. Wessén, Reviving trinification
models through an E6-extended supersymmetric GUT, Phys.
Rev. D 95, 075031 (2017).

[23] J. E. Camargo-Molina, A. P.Morais, A.Ordell, R. Pasechnik,
and J. Wessén, Scale hierarchies, symmetry breaking and
particle spectra in SU(3)-family extended SUSY trinifica-
tion, Phys. Rev. D 99, 035041 (2019).

[24] A. P. Morais, R. Pasechnik, and W. Porod, Grand unified
origin of gauge interactions and families replication in the
Standard Model, arXiv:2001.04804.

[25] A. P. Morais, R. Pasechnik, andW. Porod, Prospects for new
physics from gauge left-right-colour-family grand unifica-
tion, arXiv:2001.06383.

[26] Y. Katsuki, Y. Kawamura, T. Kobayashi, N. Ohtsubo, and
K. Tanioka, Gauge groups of ZðN) orbifold models, Prog.
Theor. Phys. 82, 171 (1989).

[27] F. Pisano and V. Pleitez, An SUð3Þ × Uð1Þ model for
electroweak interactions, Phys. Rev. D 46, 410 (1992).

[28] R. Foot, O. F. Hernandez, F. Pisano, and V. Pleitez, Lepton
masses in an SU(3)-L x U(1)-N gauge model, Phys. Rev. D
47, 4158 (1993).

[29] M. Singer, J. Valle, and J. Schechter, Canonical neutral
current predictions from the weak electromagnetic gauge
group SU(3) X uð1Þ, Phys. Rev. D 22, 738 (1980).

[30] J. Montero, F. Pisano, and V. Pleitez, Neutral currents and
GIM mechanism in SU(3)-L x U(1)-N models for electro-
weak interactions, Phys. Rev. D 47, 2918 (1993).

[31] R. Foot, H. N. Long, and T. A. Tran, SUð3ÞL ⊗ Uð1ÞN and
SUð4ÞL ⊗ Uð1ÞN gauge models with right-handed neutri-
nos, Phys. Rev. D 50, R34 (1994).

[32] P. Dong, H. N. Long, D. Nhung, and D. Soa, SU(3)(C) x
SU(3)(L) x U(1)(X) model with two Higgs triplets, Phys.
Rev. D 73, 035004 (2006).

[33] S. M. Boucenna, J. W. F. Valle, and A. Vicente, Predicting
charged lepton flavor violation from 3-3-1 gauge symmetry,
Phys. Rev. D 92, 053001 (2015).

[34] J.W. F. Valle and C. Vaquera-Araujo, Dynamical seesaw
mechanism forDirac neutrinos, Phys. Lett. B 755, 363 (2016).

[35] C. Arbeláez, A. E. Cárcamo Hernández, R. Cepedello, M.
Hirsch, and S. Kovalenko, Radiative type-I seesaw neutrino
masses, Phys. Rev. D 100, 115021 (2019).

[36] G. Gelmini, D. N. Schramm, and J. W. F. Valle, Majorons: A
simultaneous solution to the large and small scale dark
matter problems, Phys. Lett. 146B, 311 (1984).

[37] V. Berezinsky and J. W. F. Valle, The KeV Majoron as a
dark matter particle, Phys. Lett. B 318, 360 (1993).

[38] P.-H. Gu, E. Ma, and U. Sarkar, Pseudo-Majoron as dark
matter, Phys. Lett. B 690, 145 (2010).

[39] M. Lattanzi, S. Riemer-Sorensen, M. Tortola, and J. W. F.
Valle, Updated CMB and x- and γ-ray constraints on
Majoron dark matter, Phys. Rev. D 88, 063528 (2013).

[40] C. Garcia-Cely and J. Heeck, Neutrino lines from Majoron
dark matter, J. High Energy Phys. 05 (2017) 102.

[41] J. Heeck, Phenomenology of Majorons, in Proceedings,
13th Patras Workshop on Axions, WIMPs and WISPs,
(PATRAS 2017): Thessaloniki, Greece, 2017 (2018),
pp. 212–215, https://doi.org/10.3204/DESY-PROC-2017-
02/heeck_julian.

[42] T. Brune and H. Päs, Massive Majorons and constraints on
the Majoron-neutrino coupling, Phys. Rev. D 99, 096005
(2019).

[43] J. Heeck and H. H. Patel, Majoron at two loops, Phys. Rev.
D 100, 095015 (2019).

[44] Y. Abe, Y. Hamada, T. Ohata, K. Suzuki, and K. Yoshioka,
TeV-scale majorogenesis, J. High Energy Phys. 07 (2020)
105.

[45] S. L. Glashow and S. Weinberg, Natural conservation laws
for neutral currents, Phys. Rev. D 15, 1958 (1977).

[46] E. A. Paschos, Diagonal neutral currents, Phys. Rev. D 15,
1966 (1977).

[47] M. Tanabashi et al. (Particle Data Group Collaboration),
Review of particle physics, Phys. Rev. D 98, 030001 (2018).

[48] J. Chakrabortty and A. Raychaudhuri, A note on dimension-
5 operators in GUTs and their impact, Phys. Lett. B 673, 57
(2009).

[49] K. R. Dienes, E. Dudas, and T. Gherghetta, Grand uni-
fication at intermediate mass scales through extra dimen-
sions, Nucl. Phys. B537, 47 (1999).

A. E. CÁRCAMO HERNÁNDEZ et al. PHYS. REV. D 102, 095003 (2020)

095003-20

https://doi.org/10.1103/PhysRevD.73.035013
https://doi.org/10.1142/S0217751X0804055X
https://doi.org/10.1142/S0217751X0804055X
https://doi.org/10.1103/PhysRevD.83.093008
https://doi.org/10.1103/PhysRevD.86.055003
https://doi.org/10.1007/JHEP08(2014)139
https://doi.org/10.1103/PhysRevD.91.055026
https://doi.org/10.1103/PhysRevD.91.055026
https://doi.org/10.1007/JHEP08(2015)130
https://doi.org/10.1007/JHEP08(2015)130
https://doi.org/10.1007/JHEP04(2018)143
https://doi.org/10.1103/PhysRevD.99.115017
https://doi.org/10.1103/PhysRevD.99.055005
https://doi.org/10.1016/0370-2693(76)90417-2
https://doi.org/10.1016/0370-2693(76)90417-2
https://doi.org/10.1016/0370-2693(78)90248-4
https://doi.org/10.1016/0370-2693(78)90248-4
https://doi.org/10.1103/PhysRevD.70.035002
https://doi.org/10.1103/PhysRevD.70.035002
https://doi.org/10.1007/JHEP09(2016)129
https://doi.org/10.1007/JHEP09(2016)129
https://doi.org/10.1103/PhysRevD.95.075031
https://doi.org/10.1103/PhysRevD.95.075031
https://doi.org/10.1103/PhysRevD.99.035041
https://arXiv.org/abs/2001.04804
https://arXiv.org/abs/2001.06383
https://doi.org/10.1143/PTP.82.171
https://doi.org/10.1143/PTP.82.171
https://doi.org/10.1103/PhysRevD.46.410
https://doi.org/10.1103/PhysRevD.47.4158
https://doi.org/10.1103/PhysRevD.47.4158
https://doi.org/10.1103/PhysRevD.22.738
https://doi.org/10.1103/PhysRevD.47.2918
https://doi.org/10.1103/PhysRevD.50.R34
https://doi.org/10.1103/PhysRevD.73.035004
https://doi.org/10.1103/PhysRevD.73.035004
https://doi.org/10.1103/PhysRevD.92.053001
https://doi.org/10.1016/j.physletb.2016.02.031
https://doi.org/10.1103/PhysRevD.100.115021
https://doi.org/10.1016/0370-2693(84)91703-9
https://doi.org/10.1016/0370-2693(93)90140-D
https://doi.org/10.1016/j.physletb.2010.05.012
https://doi.org/10.1103/PhysRevD.88.063528
https://doi.org/10.1007/JHEP05(2017)102
https://doi.org/10.3204/DESY-PROC-2017-02/heeck_julian
https://doi.org/10.3204/DESY-PROC-2017-02/heeck_julian
https://doi.org/10.1103/PhysRevD.99.096005
https://doi.org/10.1103/PhysRevD.99.096005
https://doi.org/10.1103/PhysRevD.100.095015
https://doi.org/10.1103/PhysRevD.100.095015
https://doi.org/10.1007/JHEP07(2020)105
https://doi.org/10.1007/JHEP07(2020)105
https://doi.org/10.1103/PhysRevD.15.1958
https://doi.org/10.1103/PhysRevD.15.1966
https://doi.org/10.1103/PhysRevD.15.1966
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1016/j.physletb.2009.01.065
https://doi.org/10.1016/j.physletb.2009.01.065
https://doi.org/10.1016/S0550-3213(98)00669-5


[50] K. R. Dienes, E. Dudas, and T. Gherghetta, Extra space-time
dimensions and unification, Phys. Lett. B 436, 55 (1998).

[51] M. Cirelli, N. Fornengo, and A. Strumia, Minimal dark
matter, Nucl. Phys. B753, 178 (2006).

[52] J. Heeck and S. Patra, Minimal Left-Right Symmetric Dark
Matter, Phys. Rev. Lett. 115, 121804 (2015).

[53] C. Garcia-Cely and J. Heeck, Phenomenology of left-right
symmetric dark matter, J. Cosmol. Astropart. Phys. 03
(2016) 021.

[54] D. T. Huong, P. V. Dong, N. T. Duy, N. T. Nhuan, and L. D.
Thien, Investigation of dark matter in the 3-2-3-1 model,
Phys. Rev. D 98, 055033 (2018).

[55] L. Lopez Honorez, E. Nezri, J. F. Oliver, and M. H. G.
Tytgat, The inert doublet model: An archetype for dark
matter, J. Cosmol. Astropart. Phys. 02 (2007) 028.

[56] M. Gustafsson, E. Lundstrom, L. Bergstrom, and J. Edsjo,
Significant Gamma Lines from Inert Higgs Dark Matter,
Phys. Rev. Lett. 99, 041301 (2007).

[57] E. Ma, Verifiable radiative seesaw mechanism of neutrino
mass and dark matter, Phys. Rev. D 73, 077301 (2006).

[58] R. Barbieri, L. J. Hall, and V. S. Rychkov, Improved
naturalness with a heavy Higgs: An alternative road to
LHC physics, Phys. Rev. D 74, 015007 (2006).

[59] G. B. Gelmini and J. W. F. Valle, Fast invisible neutrino
decays, Phys. Lett. 142B, 181 (1984).

[60] M. C. Gonzalez-Garcia and J. W. F. Valle, Fast decaying
neutrinos and observable flavor violation in a new class of
Majoron models, Phys. Lett. B 216, 360 (1989).

[61] Z. G. Berezhiani, A. Yu. Smirnov, and J. W. F. Valle,
Observable Majoron emission in neutrinoless double beta
decay, Phys. Lett. B 291, 99 (1992).

[62] M. Kachelriess, R. Tomas, and J. W. F. Valle, Supernova
bounds onMajoron emitting decays of light neutrinos, Phys.
Rev. D 62, 023004 (2000).

[63] R. Tomas, H. Pas, and J. W. F. Valle, Generalized bounds on
Majoron-neutrino couplings, Phys. Rev. D 64, 095005
(2001).

[64] M. Lattanzi and J. W. F. Valle, Decaying Warm Dark Matter
and Neutrino Masses, Phys. Rev. Lett. 99, 121301 (2007).

[65] F. Bazzocchi, M. Lattanzi, S. Riemer-Sørensen, and J. W. F.
Valle, X-ray photons from late-decaying Majoron dark
matter, J. Cosmol. Astropart. Phys. 08 (2008) 013.

[66] Y. Chikashige, R. N. Mohapatra, and R. D. Peccei, Are there
real Goldstone bosons associated with broken lepton num-
ber? Phys. Lett. 98B, 265 (1981).

[67] A. Pilaftsis, Astrophysical and terrestrial constraints
on singlet Majoron models, Phys. Rev. D 49, 2398
(1994).

[68] E. Komatsu et al. (WMAP Collaboration), Five-year
Wilkinson microwave anisotropy probe (WMAP) observa-
tions: Cosmological interpretation, Astrophys. J. Suppl. Ser.
180, 330 (2009).

[69] V. Silveira and A. Zee, Scalar phantoms, Phys. Lett. 161B,
136 (1985).

[70] M. Frigerio, T. Hambye, and E. Masso, Sub-GeV Dark
Matter as Pseudo-Goldstone from the Seesaw Scale, Phys.
Rev. X 1, 021026 (2011).

[71] J. McDonald, Gauge singlet scalars as cold dark matter,
Phys. Rev. D 50, 3637 (1994).

[72] L. J. Hall, K. Jedamzik, J. March-Russell, and S. M. West,
Freeze-in production of FIMP dark matter, J. High Energy
Phys. 03 (2010) 080.

[73] H. Yuksel and M. D. Kistler, Circumscribing late dark
matter decays model independently, Phys. Rev. D 78,
023502 (2008).

[74] U. S. Ernest Ma and Subir Sarkar, Scale of SUð2ÞR
symmetry breaking and leptogenesis, Phys. Lett. B 458,
73 (1999).

[75] R. R. U. S. Mansi Dhuria and Chandan Hati, The eejj
excess signal at the LHC and constraints on leptogenesis,
J. Cosmol. Astropart. Phys. 09 (2015) 035.

[76] R. R. U. S. Mansi Dhuria and Chandan Hati, Falsifying
leptogenesis for a TeV scale W�

R at the LHC, Phys. Rev.
D 92, 031701 (2015).

[77] G. F. Giudice, A. Notari, M. Raidal, A. Riotto, and
A. Strumia, Towards a complete theory of thermal
leptogenesis in the SM and MSSM, Nucl. Phys. B685,
89 (2004).

HOW LOW-SCALE TRINIFICATION SHEDS LIGHT IN THE … PHYS. REV. D 102, 095003 (2020)

095003-21

https://doi.org/10.1016/S0370-2693(98)00977-0
https://doi.org/10.1016/j.nuclphysb.2006.07.012
https://doi.org/10.1103/PhysRevLett.115.121804
https://doi.org/10.1088/1475-7516/2016/03/021
https://doi.org/10.1088/1475-7516/2016/03/021
https://doi.org/10.1103/PhysRevD.98.055033
https://doi.org/10.1088/1475-7516/2007/02/028
https://doi.org/10.1103/PhysRevLett.99.041301
https://doi.org/10.1103/PhysRevD.73.077301
https://doi.org/10.1103/PhysRevD.74.015007
https://doi.org/10.1016/0370-2693(84)91258-9
https://doi.org/10.1016/0370-2693(89)91131-3
https://doi.org/10.1016/0370-2693(92)90126-O
https://doi.org/10.1103/PhysRevD.62.023004
https://doi.org/10.1103/PhysRevD.62.023004
https://doi.org/10.1103/PhysRevD.64.095005
https://doi.org/10.1103/PhysRevD.64.095005
https://doi.org/10.1103/PhysRevLett.99.121301
https://doi.org/10.1088/1475-7516/2008/08/013
https://doi.org/10.1016/0370-2693(81)90011-3
https://doi.org/10.1103/PhysRevD.49.2398
https://doi.org/10.1103/PhysRevD.49.2398
https://doi.org/10.1088/0067-0049/180/2/330
https://doi.org/10.1088/0067-0049/180/2/330
https://doi.org/10.1016/0370-2693(85)90624-0
https://doi.org/10.1016/0370-2693(85)90624-0
https://doi.org/10.1103/PhysRevX.1.021026
https://doi.org/10.1103/PhysRevX.1.021026
https://doi.org/10.1103/PhysRevD.50.3637
https://doi.org/10.1007/JHEP03(2010)080
https://doi.org/10.1007/JHEP03(2010)080
https://doi.org/10.1103/PhysRevD.78.023502
https://doi.org/10.1103/PhysRevD.78.023502
https://doi.org/10.1016/S0370-2693(99)00568-7
https://doi.org/10.1016/S0370-2693(99)00568-7
https://doi.org/10.1088/1475-7516/2015/09/035
https://doi.org/10.1103/PhysRevD.92.031701
https://doi.org/10.1103/PhysRevD.92.031701
https://doi.org/10.1016/j.nuclphysb.2004.02.019
https://doi.org/10.1016/j.nuclphysb.2004.02.019

